Mercury ions (Hg 2+ ) have been recognized to be one of the most toxic heavy metal pollutants in both water and soil.
1,2 Because of its high toxicity, non-biodegradability and bioaccumulation, it can cause highly toxic effects on human health, such as neurological diseases, kidney damage, motion disorders and mental retardation. [3] [4] [5] [6] The World Health Organization (WHO) defines the limit of mercury in drinking water to be 30 nM for people's health. According to the United States Environmental Protection Agency (U.S. EPA), the maximum allowable concentration in drinking water is below 10 nM. Therefore, it is highly needed to develop a sensitive and selective method for mercury-ion detection.
Traditional detection methods of Hg 2+ include inductively coupled plasma mass spectrometry (ICP-MS), 7 atomic absorption spectrometry (AAS) 8 and atomic fluorescence spectrometry (AFS). 9 These methods have high accuracy, low interference and good repeatability. However, complex sample pretreatment and expensive instrumentation are required. In recent years, a series of analytical methods have been designed based on small organic molecules, 10, 11 gold nanoparticles, 12-15 fluorophore, [16] [17] [18] and electrochemical signals 19, 20 as a reporter to overcome this issue. However, synthesis or dye-labeling procedures of probes are often tedious and costly. Thus, a simpler analytical method is urgently needed.
In recent years, a G-quadruplex structure as a reporter has attracted great interest because of its label-free property, lowcost and convenience. 21, 22 The G-quadruplex structure is a fourstranded structure formed by stacked G-tetrads. [23] [24] [25] [26] Furthermore, this structure can exhibit intense fluorescence upon binding to a commercially available compound, N-methyl mesoporphyrin IX (NMM). 27, 28 Up to now, the NMM/G-quadruplex DNA system has been extensively utilized to detect heavy metal ions, 29, 30 DNA 31,32 and drugs. 33, 34 In our previous work, the NMM/G-quadruplex DNA system was used to detect mercury ions. 35 However, the sensitivity is not good enough due to the lack of a cycle amplification process. Exonuclease III (Exo III) is a sequence-independent enzyme that can catalyze the stepwise removal of mononucleotides from 3′-hydroxyl termini of double-stranded DNA. Very recently, Exo III has been adopted as a recycling amplification strategy for developing sensing platforms to improve the sensitivity. [36] [37] [38] Herein, we describe the advantages of G-quadruplex DNA and Exo III to develop a simple label-free and highly sensitive fluorescence method for mercury-ion detection.
The principle of our new method of mercury-ion detection is illustrated in Scheme 1. Firstly, three ssDNA probes, named P1, P2 and P3, have been designed (sequence seen in Table S1 ). In this paper, we describe a simple and highly sensitive fluorescence strategy of mercury ions based on exonuclease III (Exo III)-aided target recycling amplification to ensure sensitivity. With an ultra high sensitivity (1 pM), our strategy has been simple and cost-effective, which does not need any artificial modification fluorescence groups, and can be carried out in a pot. It also shows excellent selectivity. Therefore, our new method provides an effective platform for mercuryion detection. 
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A short T-rich sequence at the 3′-terminus of P1 and the 5′-terminus of P2 can form a double-stranded DNA structure by T-Hg-T mismatches (black in P1 and P2 of Scheme 1). P3 contains a G-quadruplex DNA sequence at its 5′-terminus (red in P3 of Scheme 1). Also, P3 hybridizes with the P1 through 5 bases and P2 through 7 bases. In the absence of Hg
2+
, P1 and P2 can not hybridize each other. P1 and P3 also can not form a stable double-stranded DNA structure due to the short pairing sequence (5 bases). Thus, P3 can not be digested by Exo III. The free-state P3 can fold into a G-quadruplex DNA structure, and then combine NMM to result in an intense fluorescence signal. When Hg 2+ is added, P1 and P2 can form a stable double-stranded DNA structure, P1-P2, by T-Hg-T mismatches. Then, the P3 can hybridize with P1-P2 through 12 bases to form a stable T-shaped DNA structure. Then, the P3 can be specifically hydrolyzed by Exo III, which results in P3 being destroyed and P1-P2 released. Because P3 is destroyed, the G-quadruplex structure can not form, which results in a remarkable fluorescence decline. At the same time, the released P1-P2 binds to another P3 to trigger a new cycle, which leads to a fluorescence signal cycle decline.
To verify the validity of the proposed new method, the fluorescence emission spectra under different conditions was investigated and recorded. The results are shown in Fig. S1 . The background fluorescence signal of NMM was very weak (Fig. S1, a) . When P3 was added, the maximum fluorescence emission peak at 615 nm was observed (Fig. S1, b) , because free P3 forms a G-quadruplex DNA structure to bind with NMM. With the addition of P1 and P2, the fluorescence signals underwent almost no changes, even in the presence of Exo III (Fig. S1, c and d) . When Exo III, P1, P2 and P3 were added together, the fluorescence signals still underwent no obvious change changed (Fig. S1, e) , because P3 could not be digested by Exo III. With the further addition of Hg 2+ , a significant decrease of the fluorescence signal was observed (Fig. S1, f ) , which indicated that the G-quadruplex DNA structure was destroyed. The reason was that P1, P2 formed P1-P2 with the help of Hg
, and P3 hybridized with P1-P2 to form a T-shaped DNA structure; then, P3 was degraded by Exo III, as illustrated in Scheme 1. In addition, a slight decrease of the fluorescence signal was observed without the addition of Exo III (Fig. S1, g ). Therefore, the above results clearly demonstrate the feasibility of the proposed label-free fluorescence strategy for Hg 2+ detection based on Exo III-aided recycling amplification.
Subsequently, the sensitivity and detection range of our new method was tested by adding various concentrations of Hg 2+ into the experimental system. As shown in Fig. 1 , the fluorescence signal decreased with increases of the Hg , respectively (inset in Fig. 1) . Therefore, the detection range was 1 pM to 500 nM, and the limit of detection was as low as 1 pM in our new method, which was better than, or comparable to, other methods reported in the literature (Tabel S2). Furthermore, this limit of detection was lower than the maximum contaminant level in drinking water set by the United States Environmental Protection Agency (U.S. EPA, 10 nM) and the World Health Organization (WHO, 30 nM) .
Additionally, the selectivity of our new method was also tested by adding various different metal ions (1 nM) to the experimental system. The results are shown in Fig. 2 , and Hg 2+ resulted in the highest fluorescence change, while other metal ions brought about very slight changes. These results suggested that our new method had excellent selectivity for Hg 2+ . Such excellent selectivity was attributed to the highly specific T-Hg-T coordination chemistry. Besides, this result was consistent with other reported results, 16 ,29 based on T-Hg-T mismatches to detect Hg 2+ . In summary, a label-free and highly sensitive fluorescence strategy for Hg 2+ detection was developed and explored. The label free condition was realized by the NMM/G-quadruplex DNA system as a reporter. Also, the highly sensitive (1 pM) was ensured by the Exo III-aided target recycling amplification , respectively. The error bars were estimated from at least three independent measurements. strategy. Compared with other methods for Hg 2+ analysis, our new method was label-free and reacted in a pot. It was thus very economical and simple. As a consequence, we have developed a simple and highly sensitive method for mercury-ion detection.
